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ARTICLE INFO ABSTRACT

Keywords: Background: Letrozole, an aromatase inhibitor metabolised via CYP2A6 and CYP3A4/5 enzymes, is used as
Letrozole o adjuvant therapy for women with hormone receptor (HR)-positive early breast cancer. The objective of this study
Pharmacokinetics was to quantify the impact of CYP2A6 genotype on letrozole pharmacokinetics (PK), to identify non-adherent
Non-linear mixed-effects modelling . . lati h and 1 th ibili £ lationship b dh d
CYP2AG patients using a population approach and explore the possibility of a relationship between non-adherence an
CYP3A4/5 early relapse.

Adherence Methods: Breast cancer patients enrolled in the prospective PHACS study (ClinicalTrials.gov NCT01127295) and

treated with adjuvant letrozole 2.5 mg/day were included. Trough letrozole concentrations (Csstrough) Were
measured every 6 months for 3 years by a validated LC-MS/MS method. Concentration-time data were analysed
using non-linear mixed effects modelling. Three methods were evaluated for identification of non-adherent
subjects using the base PK model.

Results: 617 patients contributing 2534 plasma concentrations were included and led to a one-compartment PK
model with linear absorption and elimination. Model-based methods identified 28 % of patients as non-adherent
based on high fluctuations of their Csstrough compared to 3 % based on patient declarations. The covariate
analysis performed in adherent subjects revealed that CYP2A6 intermediate (IM) and slow metabolisers (SM) had
21 % (CI95 % = 12 — 30 %) and 46 % (CI95 % = 41 — 51 %) lower apparent clearance, respectively, compared to
normal and ultrarapid metabolisers (NM+UM). Early relapse (19 patients) was not associated with model-
estimated, concentration-based or declared adherence in the total population (p = 0.41, p = 0.37 and p =
0.45, respectively).

Conclusions: These findings will help future investigations focusing on the exposure-efficacy relationship for
letrozole in adjuvant setting.
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A. Puszkiel et al.

1. Introduction

Letrozole is a non-steroidal third generation aromatase inhibitor
used in combination or not with ovarian suppression, for the treatment
of women with early stage or advanced hormone receptor (HR)-positive
breast cancer (Waks and Winer, 2019,2). Its mechanism of action con-
sists in prevention of hormone-dependent growth of cancer cells by
inhibiting aromatase-mediated conversion of androgens to estrogens.

The mean half-life of letrozole is 48 h and steady-state is reached
after 2 to 6 weeks of treatment (Highlights of Prescribing Information
[Internet], 2024). Its major route of elimination is metabolism into an
inactive carbinol metabolite via both CYP2A6 and CYP3A4/5 iso-
enzymes and excretion in urines mainly as a glucuronide metabolite
(Pfister et al., 2001; Desta et al., 2011). The intrinsic clearance of
letrozole is twice as high for CYP2A6 as for CYP3A4 (0.48 nl/min/nmol
versus 0.24 nl/min/nmol, respectively) (Murai et al., 2009). In addition,
CYP2A6 plays a major role in letrozole metabolism at low concentra-
tions (0.5 pmol/L corresponding to 142.6 ng/mL which is close to
therapeutic concentrations) whereas at concentrations high above
therapeutic values (1426 ng/mL), CYP2A6 is saturated and CYP3A4
takes over the role of primary metabolism. Hence, at therapeutic con-
centrations, CYP2A6 is the predominant enzyme involved in letrozole
metabolism. It has been reported that there is a 10- to 16-fold variation
in plasma exposure to letrozole among patients (Desta et al., 2011;
Borrie et al., 2018). This high inter-individual variability (IIV) might be
related to variable activity of the metabolising enzymes. Indeed, around
50 variant alleles for both CYP2A6 (Tanner and Tyndale, 2017) and
CYP3A4 gene (Werk and Cascorbi, 2014) have been reported.

The occurrence of adverse events and the extensive duration of
adjuvant treatment may impact patient adherence to treatment (defined
as less than 80 % of prescribed doses taken Waterhouse et al., 1993;
Fisher et al., 1989). Indeed, it has been reported that approximately 10
%, 13 % and 18 % of patients treated with adjuvant aromatase inhibitors
are non-adherent during the first, second and third year of the therapy,
respectively (Huiart et al., 2011). However, available methods to record
adherence (electronic devices, medical and self-reports) are often biased
and Pistilli et al. have reported only a moderate agreement between
self-reported adherence and actual plasma levels of tamoxifen (Pistilli
et al., 2020). Therefore, identification of non-adherent subjects based on
several steady-state plasma concentrations might constitute a promising
approach to estimate adherence.

This study aimed to: (1) develop a population PK model for letrozole
based on longitudinal steady-state data in patients under adjuvant
therapy, (2) identify non-adherent patients using the PK model, (3)
compare the model-estimated adherence, the declared adherence and
the concentration-based adherence and explore the possibility of a
relationship with early breast cancer relapse, (4) evaluate the impact of
genetic polymorphisms, demographic characteristics and CYP3A4 in-
hibitors on letrozole PK in the adherent subpopulation as identified by
the PK model.

2. Material and methods
2.1. Study population

Data come from a prospective, multicenter, 3-year follow-up study
aiming to investigate the relationship between PK, pharmacogenetics
(PG) and adverse events of tamoxifen and aromatase inhibitors in
adjuvant breast cancer patients (PHACS; ClinicalTrials.gov
NCT01127295). The inclusion criteria were: histologically proven pri-
mary breast cancer, no metastatic disease at diagnosis, ER—positive and/
or progesterone receptor (PR)-positive tumour assessed by locally per-
formed immunohistochemistry. Eligible patients started treatment with
tamoxifen (20 mg/day) or one of the aromatase inhibitors (letrozole (2.5
mg/day), anastrozole (1 mg/day), exemestane (25 mg/day)) and were
followed-up every 6 months over 3 years. This report focuses on the
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analysis of all the patients who were treated with letrozole alone at some
point during the study including those who started treatment with
letrozole at inclusion and those who switched to letrozole during the
course of the study after having been treated with tamoxifen or another
aromatase inhibitor. During each follow-up visit, data on adverse events,
co-medications and declared adherence during the month preceding the
visit were collected. Declared adherence was reported by the clinician
based on the patient’s answers to questions regarding their adherence
during the previous 30 days. The ratio of the number of doses taken in
the last 30 days to the number of theoretical doses was expressed as a
percentage. Patients who had taken less than 80 % of the doses at least at
one follow-up visit (where they were treated with letrozole) were
considered as non-adherent. Early relapse was defined as recurrent
disease (metastases and /or loco-regional recurrence), contralateral
breast cancer, or death attributed to breast cancer during the first 3 years
of treatment. Only the patients who had at least 3 complete years of
follow-up were included in the relapse analysis. All patients provided
written informed consent as per the revised Declaration of Helsinki and
French regulations.

2.2. Determination of letrozole plasma concentrations

Blood samples for letrozole quantification were collected in 5 mL
lithium-heparin tubes at inclusion (pre-treatment) and 24-hours post-
dose every 6 months during the follow-up visits. Plasma concentra-
tions of letrozole were quantified by a validated high-performance
liquid chromatography-mass spectrometry (LC-MS/MS) method
described in detail in Supplementary Material S1.

2.3. Genotyping

Blood samples for genotyping were collected in 7 mL EDTA tubes at
study inclusion for all the participants. Genotyping for CYP2A6*1, *2,
*9, CYP3A4*22, *1B and CYP3A5*3 and CYP2A6 copy number variation
(CNV) analysis was performed by IntegraGen SA, Evry, France and is
detailed in Supplementary Material S2.

Patients were classified into CYP2A6 phenotype as proposed previ-
ously (Chenoweth et al., 2013). Normal metabolisers (NM) had no
variant alleles (genotype *1/*1), intermediate metabolisers (IM) had
one copy of a decreased function variant allele (genotype *1/*9) and
slow metabolisers (SM) had two copies of a decreased function variant
allele or one or two copies of a loss-of-function variant allele (genotypes
*9/*9, *1/%*2, *2/*2, *2/*9). Patients with more than 2 copies of the
CYP2A6 gene and no variant alleles were classified as ultrarapid
metabolisers (UM). Due to the small number of patients in the UM
category, NM and UM patients were combined into NM+UM category.
Patients with CYP3A5*1/*1 and *1/*3 genotypes were classified as
CYP3A5 expressers whereas patients with *3/*3 genotype as
non-expressers.

2.4. Population pharmacokinetic analysis

2.4.1. Model development

The concentration-time data were analysed using nonlinear mixed
effects modelling in NONMEM software version 7.4.1 (ICON Develop-
ment Solutions, Ellicott City, Maryland). Estimation of the parameters
was performed using first order conditional estimation with interaction
method. One- and two-compartment models with first order absorption
and linear elimination were fit to the data. The IIV of the PK parameters
was modelled according to an exponential model, i.e. assuming a log-
normal distribution of the PK parameters. The inter-occasion vari-
ability (IOV) was explored. The proportional and combined error models
were tested for the residual variability. The concentrations below lower
limit of quantification (LLOQ = 1 ng/mL) were included in the PK model
with values fixed to LLOQ/2.
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2.4.2. Identification of non-adherence using PK model

Non-adherence to treatment is most often due to missed doses, which
could lead to lower bioavailability (F) of the drug. Hence, a possible
approach to identify non-adherent subjects could assume that in those
subjects, the F is decreased. Another method to identify non-adherence
was proposed by Gibiansky et al. (2014) and is based on the individual
residual error estimates as detailed below.

Three methods were tested on the base PK model in order to identify
the non-adherent patients:

e Method 1

Method 1 (M1) assumes decreased bioavailability (F) of letrozole in
non-adherent patients. A mixture model was included on F and each
patient was assigned to one of two subpopulations: adherent (Foq, = 1,
fixed) or non-adherent (0 < Fpop.adh< 1) (Garcia-Cremades et al., 2019).
Since one patient could be adherent at some visits and non-adherent at
others, the inclusion of IOV on Fyon.adh Was tested (each follow-up visit
was considered as a separate occasion).

e Method 2

Another approach (M2) was proposed by Gibiansky et al. (2014) and
relies on the assumption that non-adherent subjects show high fluctua-
tions of trough concentrations at steady-state (Css,trough) between mul-
tiple occasions which is reflected by a high residual error when the
model does not include IOV. Therefore, the non-adherent subjects could
be identified based on their individual residual error estimates. The
inclusion of a random effect n; ; on the residual error makes it possible to
investigate the distribution of residual error and search for sub-
populations. For this method, the residual error was described according
to the proportional model and the random effect n; ;was included on the
residual error as follows:

Cobs.ij = Upred,ij + Cpred.ij'ep,ij'exp (”i,u)

Where Copsjjand Cpreq j represent the observed and predicted con-
centration, respectively, for the i subject and the j™ measurement, &p,ij
is the proportional residual error for the i subject and j measurement
and 1 ; is the individual value of the random effect on the residual error
for the i subject. n;; is assumed to follow a normal distribution with
mean 0 and variance mg. In this manner, the identification of adherent
and non-adherent subjects can be performed based on assumption that
non-adherent subjects have n; ; > 0 while adherent subjects have n; ; <
0 as proposed by Gibiansky et al. (2014). Additionally, to demonstrate
the impact of non-adherence on mean estimate of CL/F, a sequential
exclusion of patients with the highest n; ; values from the model was
performed.

e Method 3

The third method (M3) is inspired by the previous consideration on
M2 and consists in estimation of a coefficient Opon.qgn On the residual
error according to the following equation:

Cobs.ij = Cpred.ij + Cpred.gi'gp,ij'enon—adh

A mixture model is used to assign each subject into one of two sub-
populations with different values of the coefficient: Oponqqn = 1 (fixed)
for adherent and 6popqgn > 1 for non-adherent subjects, based on the
difference between the observed and the model-predicted concentration
(i.e. non-adherent subjects have a higher residual error).

A patient was considered model-based adherent if identified as such
by all three methods.

2.4.3. Identification of non-adherence using letrozole concentrations
No plasma concentration threshold has been proposed to identify
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non-adherent patients for letrozole. However Dragvoll et al. (2022) re-
ported 15 % non-adherence among patients treated with an aromatase
inhibitor for HR-positive breast cancer. Hence we identified the letro-
zole concentration value corresponding to the 15th percentile in our
study (48.1 ng/mL) and considered that all patients with mean con-
centrations (over all visits) lower than this value could be considered
non-adherent based on their concentrations.

2.4.4. Covariate analysis

The covariate analysis was performed in adherent patients identified
in the PK analysis using the base model. Visual exploration of the rela-
tionship between covariates and individual PK parameters was per-
formed to search for possible associations. The following covariates
were evaluated: body weight (BW), age, CYP2A6 phenotype,
CYP3A4*22 genotype (wild-type versus *22 carriers), CYP3A4*1B ge-
notype (wild-type versus *1B carriers), CYP3A5*3 genotype (expressers
versus non-expressers) and concomitant use of CYP3A4 inhibitors. When
CYP2A6 phenotype was included in the model, a separate coefficient
was estimated for SM, IM and missing phenotype (5.5 % of patients),
with NM+UM phenotype as the reference. The missing CYP3A4*22, *1B
and CYP3A5*3 genotypes represented less than 2.0 % of the dataset and
therefore were imputed with the most frequent category (wild-type for
CYP3A4*22 and *1B and non-expressors for CYP3A5*3 genotype). The
continuous covariates were included in the model according to a linear
function and were scaled to the population median whereas a coefficient
was estimated for each group for categorical covariates (the reference
group was the most frequent category). The methods for covariates se-
lection are detailed in Supplementary Material S3.

2.4.5. Model evaluation and validation

During model development, a drop of at least 3.84 points in objective
function value (OFV, p < 0.05, 1 df, y2 test) between nested models was
considered statistically significant. The selection of the model was also
based on goodness-of-fit plots, precision (relative standard error, RSE),
stability and plausibility of the estimates. Goodness-of-fit plots included
a prediction-corrected visual predictive check (pcVPC) based on 1000
simulations of the original dataset. A bootstrap analysis with resampling
(n = 500) was performed with the final model.

2.5. Statistical analysis

For descriptive analyses, qualitative variables were expressed as
number (%) and quantitative variables as median [range]. Statistical
analyses were performed in R (version 4.1.2) coupled with RStudio
(version 2022.07.1 + 554) and Stata (version 15.1). The comparison of
baseline demographic and biological characteristics as well as of the
number of comedications between non-adherent and adherent patients
(as estimated by population PK model) was performed using the Wil-
coxon unpaired test for continuous variables and y2 or Fisher’s exact test
for categorical variables. The agreement between model-estimated,
concentration-based and declared adherence was calculated as well as
the associated kappa-statistic and Cramér’s V coefficient. The associa-
tion between adherence and early relapse was tested using 3 or Fisher’s
exact test.

3. Results
3.1. Patients and data

Table 1 summarizes the demographic and genetic characteristics of
617 patients included in the analysis. A total of 2534 letrozole concen-
trations were analysed. Of those, 46 (1.8 %) concentrations were below
LLOQ. The median sampling time was 24.2 h (interquartile range [23.2 -
25.2]) after dose. All the studied genotypes were in Hardy-Weinberg
equilibrium after Bonferroni correction for multiple testing. Of the
617 patients included in the analysis, 390 started treatment with
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Table 1
Baseline characteristics and concomitant treatment during study of the total
study population (n = 617).
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Table 2
Mean parameter estimates obtained using three approaches to identify non-
adherent patients in the base PK model (n = 617 patients).

Characteristic median [range] or number
(%)

Age at inclusion (years) 61 [40 - 84]

Body weight (kg) 66 [37 - 122]

Hormonal status
Pre-menopause
Post-menopause

67 (10.9 %)
540 (87.5 %)

Menopause under substitutive hormone 3 (0.5 %)
treatment
Unknown 7 (1.1 %)

CYP2A6 phenotype
Normal or ultrarapid (NM + UM)
Intermediate (IM) 52 (8.9 %)
Slow (SM) 73 (12.5 %)
Missing 34

CYP3A4*22 genotype
Wild-type (*1/%1)
Heterozygous mutant (*1/*22) 45 (7.4 %)
Homozygous mutant (*22/*22) 1 (0.2 %)
Missing 10

CYP3A4*1B genotype
Wwild type (*1/*1)
Heterozygous mutant (*1/*1B) 46 (7.5 %)
Homozygous mutant ((*1B/*1B) 1 (0.2 %)
Missing 5

CYP3A5*3 genotype
Wild type (*1/*1)
Heterozygous mutant (*1/*3) 93 (15.3 %)
Homozygous mutant ((*3/*3) 509 (83.9 %)
Missing 10

Co-medications Number of occasions (%)
Weak®” CYP3A4 inhibitors 68 (2.7 %)
Moderate/potent” CYP3A4 inhibitors 57 (2.2 %)

458 (78.6 %)

561 (92.4 %)

565 (92.3 %)

5 (0.8 %)

2 weak CYP3A4 inhibitors: esomeprazole;fluvoxamine;fluoxetine, efavirenz;.
b moderate/potent CYP3A4 inhibitors: amiodarone, ciprofloxacin, clari-
thromycin, diltiazem, erythromycin, fluconazole, indinavir, ketoconazole,
verapamil.

letrozole at study inclusion and stayed on it throughout the study, while
227 patients switched to or from letrozole during the course of the study
(tamoxifen or another aromatase inhibitor being the alternative
treatment).

3.2. Population pharmacokinetic analysis

The concentration-time data were described by a one-compartment
model with linear absorption and elimination. The parameters of the
model were: apparent clearance (CL/F), apparent volume of distribution
(V/F) and first order absorption rate constant (k,). A two-compartment
model was also tested but the PK parameters (peripheral volume of
distribution Vp/F and inter-compartmental clearance Q/F) and associ-
ated IIV were estimated with high imprecision without any significant
benefit in terms of residual variability. The IIV was included only on CL/
F and was fixed to O for V/F and k, as it could not be reliably estimated.
The inclusion of IOV on CL/F did not improve the model. The residual
variability was described by a combined (base model) or proportional
(M1, M2 and M3) error model.

3.2.1. Identification of non-adherent patients

The performance of three different approaches to identify non-
adherent subjects was investigated on the base model and the mean
parameter estimates of these methods are presented in Table 2.

Inclusion of a mixture model on F (M1) resulted in a drop in OFV of
59 points (p < 0.00001). The estimated Fpop.agh was 0.006 (RSE = 2 %)
and fraction of the non-adherent subpopulation was 2 %. The individual
fit plots showed that only the patients with concentrations near LLOQ
throughout all the visits were identified as non-adherent (Fig. 1, Patient
2).

Parameter Mean estimate (RSE%) [shrinkage%)]
Base M1° M2° M3*
model
ko (™) 2.16 2.21 213 1.91
(43) (40) (59) 39)
V/F (L) 186 (12) 197 (15) 181 172
(15) 12)
CL/F (L/h) 1.27 (2) 1.25(2) 1.24 (2) 1.27 (2)
Fadh - 1 FIX - -
Fron-adh - 0.006 - -
2)
Onon-adn - - - 2.59 (5)
Estimated fraction of adherent - 0.98 (1) - 0.74 (6)
population
Proportion of adherent patients - 98.0 72.0 84.0
(%) (obtained by post-hoc
analysis)
Inter-individual variability on CL/ 47.6 (5) 40.7 (4) 45.9 (7) 49.6 (8)
F (CV%) [5] [4] [2] [4]
Inter-individual variability on - - 4157 -
proportional residual error (CV [19]
%)
Proportional error (CV%) 18.4 (8) 24.1 (3) 19.7 (6) 16.6 (9)
[11] [10] [71 [16]
Additive error (ng/mL) 10.9 - - -
10

CL/F apparent clearance, CV coefficient of variation, F4, relative bioavailability
of the adherent population, F,,n_q4n, relative bioavailability of the non-adherent
population, k, first order absorption rate constant, 6,0, qqn coefficient for non-
adherent patients estimated on the residual error, RSE relative standard error,
V/F apparent volume of distribution.

2 M1 — Method based on inclusion of a mixture model on F.

b M2 - Method based on estimation of a random effect Ni,c on residual error.

¢ M3 - Method based on inclusion of a mixture model on 0,,on-adh-

M2 consisted in separation of patients into two subpopulations based
on n; ;. When the non-adherent subjects were considered as those with
Nic > 0, 28 % of patients were identified as non-adherent (Table 2).
Fig. 2 demonstrates the impact of a sequential exclusion of patients with
the highest n; ; values on mean estimate of CL/F. This approach assumes
that non-adherent patients have low plasma concentrations which may
lead to an artificially high estimate of CL/F. Exclusion of 30 % of patients
resulted in a drop of 7.0 % in mean CL/F estimate compared to the entire
dataset (1.16 L/h versus 1.27 L/h). Further exclusion of patients did not
alter mean CL/F estimate suggesting that all patients with non-
adherence patterns were excluded.

In M3, a mixture model was used to assign subjects into two pop-
ulations based on 6yon-qqn estimate. The probability of being in the non-
adherent population was estimated by the model as being 26 %.

In conclusion, M2 and M3 based on the residual error identified a
higher percentage of non-adherent patients than M1. Indeed, M2 and M3
assigned all patients with high fluctuations of Css trough to non-adherent
population whereas M1 considered as non-adherent only the patients
with very low concentrations (< LLOQ) throughout all the study.
Overall, the three methods identified 175 (28 %) patients as non-
adherent (Table S1).

3.2.2. Covariate analysis

Since PK analysis in a population with non-adherence patterns could
lead to biased estimates, the covariate analysis was performed on the
adherent subpopulation (442 patients contributing 1705 concentra-
tions). The characteristics of the population included in the covariate
analysis are presented in Table S2. The comparison between adherent
and non-adherent patients showed no statistically significant differences
for any of the covariates except for the BW (p = 0.045) and intake of
CYP3A4 inhibitors (p = 0.004). The plots of the individual CL/F
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Patient 1

Patient 2

Patient 3

Adherent M1, M2, M3

Non-adherent M1, M2, M3

Non-adherent M2, M3

300+
200+
100+ ,___.___:___-___.___
.f__’___n ______ +
01 e R S o Te"""e °
Patient 4 Patient 5 Patient 6

Non-adherent M2, M3

Non-adherent M2, M3

Non-adherent M2, M3

300

200+ .

Letrozole plasma concentration (ng/mL)

—

o

o
1
1
1
.

.

.

o

6 12 18 24 30 36 6 12

24 30 36 6 12 18 24 30 36

Time after treatment start (months)

Fig. 1. Individual pharmacokinetic profiles of 6 representative patients and the performance of M1, M2 and M3 to identify non-adherence. Points represent ob-
servations, dotted line represents individual predictions (IPRED) and solid line represents population prediction (PRED) from the base model.

1.35 4

-

w

o
1

1.25 4

1.20

Mean estimate of CL/F (L/h)

-

N

(6]
1

1.10 4

T
0 10 20 30 40
% of excluded patients with highest eta_res

Fig. 2. Variation in CL/F following sequential exclusion of patients with the
highest n; ; (eta_res) as estimated by M2. Dots represent the point estimate and
bars represent the associated standard error.

obtained from the base model versus CYP2A6 phenotype, CYP3A4*22,
*1B and CYP3A5*3 genotypes as well as BW and age are presented on
Fig. 3. In the univariable analysis, CYP2A6 phenotype (p < 0.00001) was
the only covariate significantly associated with CL/F. Adding CYP2A6
phenotype led to a decrease in IIV on CL/F from 42.4 % in the base
model to 35.7 % in the final model. According to the estimates of the
final model, CYP2A6 IM and SM patients had 21 % and 46 % lower CL/F,
respectively, than NM+UM patients. Finally, CYP3A4*22, CYP3A4*1B

and CYP3A5*3 genotypes and concomitant CYP3A4 inhibitors were not
significant covariates on CL/F (p = 0.20, p = 0.80, and p = 0.27 and p =
0.37, respectively).

The estimates of the final model in the adherent subpopulation and
the results of the bootstrap analysis are presented in Table 3. The
goodness-of-fit plots and pcVPC are presented in Fig. S1 and Fig. S2,
respectively. IPRED and PRED versus observed concentrations show that
the model describes the data well and the residual diagnostics CWRES
versus PRED and time do not show a significant misspecification of the
model. The pcVPC stratified on CYP2A6 phenotype showed good
agreement between the model-predicted median, 5th and 95th percen-
tiles of the concentrations and the observed data.

3.3. Comparison between model-estimated, concentration-based and
declared adherence

Of 571 patients for whom adherence data was available, 17 (3 %)
declared non-adherence to the clinician in at least one follow-up visit
whereas the model-estimated non-adherence was 28 %. Table 4 presents
the comparison between model-estimated and declared adherence and
also the median concentrations (based on mean concentrations over all
visits) for each category. Among 442 patients identified as adherent in
the PK analysis, the information concerning declared adherence was
available for 406 patients. Of the latter, 4 patients declared non-
adherence. This discrepancy may be explained by misunderstanding of
the questionnaire. Among 554 patients who self-declared as adherent,
152 (27 % out of 554) were identified as non-adherent by the PK model
suggesting that those patients do not admit their non-adherence. Among
17 patients who declared non-adherence, 13 (76 %) were identified as
non-adherent by the PK model. The agreement between declared and
model-estimated adherence was 73 % (CI95 %: 71 — 75 %), which is
significantly greater than the (by chance) expected agreement of 70 %,
but only slightly so. Furthermore, the corresponding kappa-statistic was
0.09 and Cramér’s coefficient was 0.18, indicating only slight agreement
between adherence assessment methods. Agreement between declared
and concentration-based adherence was 84 % (CI95 %: 80 — 87 %), only
slightly greater than the expected chance agreement of 83 %, with a
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Fig. 3. Individual apparent clearance (CL/F) from the base model for adherent patients (n = 442) according to CYP2A6 phenotype, CYP3A4*22, CYP3A4*1B and

CYP3A5*3 genotypes, age and body weight.

kappa-statistic of 0.07 and a Cramér’s coefficient of 0.10. Agreement
between model-estimated and concentration-based adherence was 73 %
(CI95 %: 69 — 77 %), but this was significantly greater than the expected
chance agreement of 65 %, with a kappa-statistic of 0.23 and a Cramér’s

coefficient of 0.25, indicating better agreement between these two
adherence assessment methods.
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Table 3
Estimates of the base and final PK model in adherent patients (n = 442) and
results of non-parametric bootstrap analysis of the final model (n = 500).

Parameter Mean estimate (RSE%) Bootstrap mean
[shrinkage] (CI95 %)
Base Final
model model
ka (h’l) 2.18 (55) 2.12 (53) 2.24 (1.11 - 8.35)
V/F (L) 209 (10) 207 (10) 208 (167 - 249)
CL/F (L/h) 1.17 (2) 1.31 (2) 1.30 (1.26 — 1.35)
Effect of CYP2A6 IMon CL/ - 0.79 (6) 0.79 (0.69 - 0.89)
F
Effect of CYP2A6 SM on - 0.54 (5) 0.55 (0.49 - 0.60)
CL/F
Effect of missing CYP2A6 - 0.85 (8) 0.85 (0.72 - 0.99)
on CL/F
IV on CL/F (CV%) 42.4 (3) 35.7 (4 35.6 (32.8 - 38.6)
[2] [3]
Proportional error (CV%) 14.3 (4) 14.3 (4) 14.2 (13.7 - 14.7)
[13] [13]

The final equation to predict the individual CL/F; was as follows: CL/F; = 1.31
(L/h) - 0.79™ . 0.54M . 0.85™I518 . exp(ncy/p) Where IM, SM and missing equal 1
if the patient has CYP2A6 IM, SM or missing phenotype, respectively, and
0 otherwise and ncgr; is the estimated IIV on CL/F for the it subject.

CI confidence interval, CL/F apparent clearance, CV coefficient of variation,
CYP2A6 IM CYP2A6 intermediate metabolizer phenotype, CYP2A6 SM CYP2A6
slow metabolizer phenotype, IIV inter-individual variability, k, first order ab-
sorption rate constant, RSE relative standard error, V/F apparent volume of
distribution.

Table 4
Comparison between model-estimated and declared adherence.
Declared Model-estimated Total
Adherent Non-adherent
Adherent 73 % (n = 402) 27 % (n = 152) 97 % (n = 554)

82.8 [63.1-114.0]* 60.9 [46.0-80.4]* 75.1 [57.9-105.8]*

Non-adherent 24% (n=4) 76 % (n =13) 3% (M=17)
83.5 [42.1-99.3]* 51.3 [27.9-80.2]* 60.9 [27.9-84.2]*
Total 71 % (n = 406) 29 % (n = 165) 100 % (n = 571)

82.9 [63.1-114.0]* 60.8 [45.7-80.2]** 74.7 [57.0-104.4]*

“ Median of (mean concentrations over all visits for each patient) [inter-
quartile range].

3.4. Exploration of relationship between adherence and early relapse

In the population of patients who had 3 full years of follow-up (n =
435), early relapse was reported in 19 patients within those first 3 years
of treatment. In this population (including patients who switched
treatment), early relapse was not significantly associated with model-
estimated adherence (p = 0.41), self-declared adherence (p = 0.45) or
concentration-based adherence (p = 0.37). The test was also performed
in the subpopulation of patients who stayed on letrozole throughout the
first 3 years of treatment (n = 275 patients) and had non-missing
adherence data (n = 255). In patients who had not switched treat-
ments, early relapse was not significantly associated with model-
estimated, concentration-based or declared adherence (p = 0.69, p =
0.45 and p = 0.59, respectively). There was no significant difference (p =
0.84) between the median concentration of the mean over all visits in
the 19 patients who had an early relapse (median = 75.7 ng/mL, IQR =
[57.9-105.4]) and the median concentration in patients who did not
relapse (median = 75.8 ng/mL, IQR = [57.9-104.71).

4. Discussion
This study presents a population PK analysis of letrozole as adjuvant

endocrine therapy in breast cancer patients (the first such model in
European patients) based on data from a prospective longitudinal study.
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In our study, the sparse concentration-time data for letrozole were
described by a one-compartment model with linear absorption and
elimination. The mean estimates of CL/F (1.31 L/h in CYP2A6 NM+UM
patients, CI95 % = 1.26 — 1.36) and V/F (207 L, CI95 % = 166 — 248) are
consistent with the values from a previously published non-
compartmental analysis in 24 breast cancer patients (median CL/F at
steady-state = 1.20 L/h and median V/F = 183 L) (Pfister et al., 2001).

The individual PK profiles in some patients showed high fluctuations
of Css trough throughout the study whereas some patients had < LLOQ
concentrations at all visits suggesting non-adherence. Three different
methods were used to identify the non-adherent subpopulation using the
base PK model. In M1, the fraction of non-adherent patients estimated
by the mixture model was 2 %. However, this approach only assigned to
the non-adherent subpopulation patients with very low concentrations
(< LLOQ) at all visits. Both M2 and M3 assumed that non-adherent
patients were those with high fluctuations of Css trough (i.€. high resid-
ual error) between multiple occasions and both resulted in the assign-
ment of 28 % of patients as non-adherent.

We considered all three methods since one subject identified as non-
adherent by M1 was adherent according to M2 and M3. However, this
patient had Cis trough near LLOQ throughout all study visits and since no
fluctuations were observed, M2 did not identify this subject as non-
adherent. Overall, we identified 28 % of patients as non-adherent
based on all three methods. This model-estimated proportion is more
consistent with the non-adherence reported in recent studies in breast
cancer cohorts treated with adjuvant tamoxifen or aromatase inhibitor
(between 13.1 and 26.8 % in the study by Dragvoll et al., 2022 and 28 %
in the study by Hershman et al., 2021) than the percentage of declared
non-adherence we found (3 %). In addition to our model-estimated
non-adherence that reflects high fluctuations of Csstrough in line with
occasional adherence, we also considered poor adherence leading to
under-exposure by taking into account concentration-based adherence.
However, the large interindividual variability of letrozole PK means that
the identification of non-adherence using a concentration threshold is
difficult to implement and subject to caution. Indeed, since adherence is
often under-reported by patients themselves, a combination of PK-based
methods with conventional approaches might bring more insight into
the true adherence during adjuvant endocrine therapy.

High fluctuations of Css trough may be related not only to adherence to
treatment but also to intake of CYP inhibitors or inducers not reported in
the study. Indeed, in our study, a more frequent use of CYP3A4 in-
hibitors was observed in the non-adherent compared to the adherent
subpopulation. This could explain the higher Cgrough fluctuations
observed in those patients. Nevertheless, CYP3A4 inhibitors did not
have a significant impact on CL/F in the entire population of this study
as evaluated in the PK model (data not shown). Finally, analytical
variability is unlikely to be a confounding factor in our analysis since for
a given patient, all the samples were quantified by LC-MS/MS on the
same day.

In our study, there did not seem to be any association between
model-estimated, concentration-based or declared non-adherent pa-
tients and early relapse (within the first 3 years) but the number of
events was very small (19 patients) given the short time period since
initiation of adjuvant therapy. Moreover, our population includes pa-
tients treated with letrozole for different time spans since some switched
to or from another endocrine therapy during the course of the study. In a
recent study, non-adherence to adjuvant tamoxifen has been associated
with a higher risk of distant recurrence or death at 3 years after
tamoxifen serum assessment (Pistilli et al., 2020). Therefore, our results
need to be interpreted with caution, as it may be possible that
non-adherence affects long-term relapse. In addition, declared
non-adherence might not always be the best marker of exposure to the
drug not only because of high discordance between the real and declared
adherence. Indeed, for drugs with long elimination half-life, such as
letrozole, even if a patient omits several doses in a month, plasma
exposure can still be sufficient for pharmacological efficacy. Therefore,
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the studies on relationship between non-adherence and cancer relapse
should also consider drug plasma exposure.

The covariate analysis revealed that CYP2A6 phenotype was the only
covariate significantly associated with CL/F. In particular, IM and SM
patients had 21 % and 46 %, respectively, lower CL/F than NM-+UM
patients. This is consistent with previous reports showing that impaired
CYP2A6 activity due to genetic polymorphisms resulted in increased
plasma exposure to letrozole, compared to patients with normal CYP2A6
activity (Desta et al.,, 2011; Borrie et al., 2018). Finally, CYP2A6
phenotype explained 15.8 % of the IIV in letrozole CL/F in our analysis,
consistently with Borrie et al. (17.0 %) (Borrie et al., 2018) whereas
Desta et al. reported a slightly higher percentage (23 %) probably due to
a more extensive CYP2A6 genotyping in their study (Desta et al., 2011).

In our analysis, CYP3A4*22, *1B and CYP3A5*3 genetic poly-
morphisms were not correlated with letrozole CL/F. Desta et al. (2011)
found no impact of CYP3A5x3 on letrozole concentrations while the
effect of CYP3A4*22 and *1B genetic polymorphisms has never been
investigated in breast cancer patients. In addition, in our analysis,
concomitant CYP3A4 inhibitors did not have a significant impact on
letrozole CL/F but the number of occasions corresponding to concomi-
tant use of a CYP3A4 inhibitor was low (4.9 % of the total dataset).
Nevertheless, it has been demonstrated in vitro that CYP3A4 is a
low-affinity component involved in the formation of the carbinol
metabolite of letrozole compared to CYP2A6 (Murai et al., 2009).
Therefore, our study confirms that CYP2A6 is the most important
enzyme involved in the inactivation of letrozole in vivo and that
CYP3A4 plays a minor role.

Previous studies have reported that patients who were older and had
lower BMI had higher plasma letrozole concentrations (Desta et al.,
2011; Borrie et al., 2018). In the present analysis, letrozole CL/F was not
significantly correlated with age nor BW.

5. Conclusion

The longitudinal design of this study allowed for the quantification of
non-adherence based on plasma steady-state concentrations of letrozole.
In addition, we confirm that CYP2A6 plays an important role in the
elimination of letrozole. The results of this study show that as many as
28 % of patients are non-adherent to adjuvant letrozole treatment as
evaluated by their plasma concentrations. We did not find any correla-
tion between model-estimated, concentration-based or declared non-
adherence and early cancer relapse. However, the relationship be-
tween non-adherence to adjuvant hormone therapy and long-term effi-
cacy should be further investigated and drug plasma exposure should be
considered.
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